In this study, we evaluated the sensitivity of a 5-min personal digital assistant-psychomotor vigilance test (PDA-PVT) to severe sleep loss. Twenty-one participants completed a 10-min PVT-192 and a 5-min PDA-PVT at two hourly intervals during 62 h of sustained wakefulness. For both tasks, response speed and number of lapses (RTs . 500) per minute significantly increased with increasing hours of wakefulness. Overall, standardized response speed scores on the 5-min PDA-PVT closely tracked those of the PVT-192; however, the PDA-PVT was generally associated with more lapses/minute. Closer inspection of the data indicated that when the level of sleep loss and fatigue became more severe (i.e., Day 3), the 5-min PDA-PVT was not quite as sensitive as the 10-min PVT-192 when 2-to 10-sec foreperiods were used for both. It is likely, however, that the observed differences between the two devices was due to differences in task length. Thus, the findings provide further evidence of the validity of the 5-min PDA-PVT as a substitute for the 10-min PVT-192, particularly in circumstances in which a shorter test is required and/or the PVT-192 is not as practical.
A substantial increase in the prevalence of shiftwork in recent years (Smith, Macdonald, Folkard, & Tucker, 1998) has meant that many employees are now exposed to higher levels of work-related fatigue and, in turn, often experience reduced alertness and performance, increased sleepiness, and greater risk of injury and accident (Dinges, 1995; Hakkanen & Summala, 2000; Lauber & Kayten, 1988; Mitler et al., 1988; Rosa, 1995) . Following an extensive inquiry in 2000, the Australian Federal Parliament established that fatigue was one of the major occupational health and safety issues within Australia's transport industries (House of Representatives Standing Committee on Communications, 2000) . Increasingly since the release of this report, organizations within Australia have been conducting quantitative field studies to assess and, subsequently, manage the levels of fatigue associated with different work schedules (Ferguson, Dawson, & Lamond, 2005; Lamond, Roach, Darwent, et al., 2002; Roach & Lamond, 2003) . Although there is no universal measure of fatigue, several tasks exist that are reliable assays of fatigue-related impairment in research settings. One task that has recently emerged is the Walter Reed palm-held psychomotor vigilance test (PVT), a field-portable reaction time (RT) test that was designed to emulate a commercial device (the PVT-192) widely used in both laboratory and field studies of sleep deprivation, shiftwork, and fatigue (Belenky et al., 2003; Dinges et al., 1997; Dinges & Powell, 1985; Dorrian et al., 2006; Lamond, Darwent, & Dawson, 2005) .
This palm-based PVT provides users with a test that can be loaded onto small, inexpensive, widely available compact devices (personal digital assistants [PDAs] ) that are easy to carry around. In contrast, the PVT-192 is often considered to be bulky and, as a specialized piece of machinery, it can be purchased only from a single supplier in the U.S. at a cost that would prohibit buying a large number of devices. As has been noted by , other advantages of this test that the PVT-192 lacks include the fact that (1) multiple subjects can easily use the same device, if desired, yet still be distinguished by name or study code and (2) subjects can declare their handedness and button preference on the first session and, thus, this information does not need to be known in advance. Yet the PDA-PVT retains many of the features that make the PVT-192 a widely used task. It is easily performed and is minimally affected by aptitude, thereby maximizing its utility. Furthermore, since the test has a learning curve of only one to three trials, both the need for extensive, timeconsuming training sessions and masking effects due to skill acquisition are minimized.
Reducing the length of the task further increases the suitability of the PDA-PVT for field use. Thus, whereas the standard length of the PVT in laboratory studies has often been 10 min, field studies involving the PDA-PVT have typically used a 5-min version of the task, since it is more practical for environments with time constraints (Baulk et al., 2007; Kamimori, Johnson, Thorne, & Belenky, 2005; Killgore, Killgore, Ganesan, Krugler, & Kamimori, 2006; McLellan, Kamimori, Voss, et al., 2005; Petrilli, Roach, Daw- The sensitivity of a palm-based psychomotor vigilance task to severe sleep loss
The subjects then completed further training to minimize learning effects. On the baseline night, electrodes for monitoring sleep were applied, and the subjects were required to be in bed from 2300 to 0800 h. The following day, the period of extended wakefulness (62 h) commenced. During every second hour of wakefulness, the subjects completed a 10-min PVT-192 and a 5-min PDA-PVT. The PVT-192 and PDA-PVT are both hand-held devices, which required the subjects to attend to the display for the duration of the test. In the present study, the Zire71 hand-held device (PalmOne Inc., U.S.) was used, but other PDAs have also been successfully utilized. As quickly as possible after the appearance of a visual stimulus (for the PVT-192, the LED timer commenced counting upward in milliseconds; for the PDA-PVT, a black bull's-eye appeared on the screen), the subjects pressed the appropriate response key with the thumb of their dominant hand. During testing sessions, the subjects were seated alone in a room in front of a blank wall. To eliminate order effects, the presentation of the tasks was randomized and counterbalanced. As per standard methodology, for each device, the interstimulus interval varied from 2,000 to 10,000 msec, and the subjects did not receive feedback at the end of the test session.
Between testing sessions, the subjects had free time in the sleep laboratory, where they could eat, read, study, listen to music, watch television or videos, or play computer games. Regular balanced meals and snacks were provided. Throughout the study, the subjects were not permitted to consume caffeine, exercise, or nap.
Statistical analysis. Two commonly reported PVT parameters were analyzed for this report, each of which was derived from RT, the latency between the appearance of the stimulus and the buttonpush response. The first metric was the reciprocal of the mean RT (1/RT). Since previous studies had indicated systematic difference in absolute response speeds for the two devices , RTs were standardized (z scores) for each individual and then averaged. The second metric was mean number of lapses (RTs greater than 500 msec) per minute of testing.
Statistical analysis was performed with SPSS (Version 11.0.2, SPSS Inc., U.S.). Changes in each parameter across the experimental session and differences between the two tasks were evaluated using repeated measures ANOVA with two within-subjects factors (hours of wakefulness and task). In order to further investigate potential differences across the experimental period, a secondary analysis was performed in which data from each of the 3 days (0900-2300) and 2 nights (0100-0700) of testing were analyzed separately using repeated measures ANOVA with two within-subjects factors (hours of wakefulness and task). Huynh-Feldt corrections were applied to all repeated measures effects. A significance level of p , .05 was used for all the statistical analyses.
Results
Figure 1 As is shown in Table 1 , a separate analysis of data from Day 1 yielded a significant main effect of task for lapses, but not for response speed. A main effect of hours of wakefulness was not found for either parameter. For data collected during the first night, analysis yielded a signifison, . Although longer tests tend to be more sensitive to the effects of fatigue (Dinges & Barone Kribbs, 1991; Johnson, 1982) , studies have shown significant fatigue-related impairment when tasks of short duration have been used (Dawson & Reid, 1997; . Importantly, two recent studies designed to validate the PDA-PVT established that the 5-min PDA-PVT demonstrates a sensitivity comparable to that for the 10-min PVT-192 during a night of wakefulness , suggesting that it is a valid tool for assessing fatigue. Notably, due to mechanical differences between the testing devices (details in , in both studies, differences were observed between the PDA-PVT and the PVT-192 when the raw scores were compared. Specifically, absolute response speed on the PDA-PVT was systematically slower. However, standardizing the scores removed these differences, so that performance on the 5-min PDA-PVT closely tracked that on the PVT-192 during 28-40 h of sustained wakefulness.
To date, these are the only two published validations of the palm PVT. Overall, they suggest that the 5-min PDA-PVT may provide a reasonable substitute for the PVT-192, particularly in large-scale field studies that require a shorter test and a large number of compact devices (i.e., ones that are easy to transport and carry around). Notably, however, both studies involved only moderate sleep loss (i.e., one night of wakefulness); thus, the sensitivity of the PDA-PVT to greater levels of sleep loss and fatigue has yet to be examined. Since there is increasing use of the PDA-PVT in field studies, such research would be beneficial. The present study aimed to further validate the 5-min version of PDA-PVT for use as a viable alternative to the 10-min PVT-192 in the field by assessing its sensitivity during 2 nights (62 h) of wakefulness.
Method
Subjects. Twenty-one healthy individuals (8 of them female, 13 male), with a mean (6SD) age of 21.963.5 years, participated in the present study. The subjects were nonsmokers who did not regularly consume large doses of caffeine or alcohol. Those recruited had no current health problems and were medication free (including over-the-counter medications), with the exception that the female subjects could continue birth control medications. All were self-reported good sleepers who did not habitually nap and had not undertaken shift work or transmeridian travel in previous months. Before the study commenced, the protocol was approved by the University of South Australia Human Research Ethics Committee, using guidelines established by the National Health and Medical Research Council of Australia. Prior to study commencement, all the subjects provided written informed consent.
Procedure. The subjects spent 4 consecutive days in-residence in the laboratory, in groups of 3 or 4. The initial days involved an adaptation and baseline night and training. On the adaptation day, the subjects arrived at the laboratory at 1200 h and were assigned to their individual bedroom. After they had been provided with verbal and written descriptions of study procedures and rules, the subjects completed a training session to familiarize themselves with the performance tasks. Prior to retiring at 2300 h, a standard montage of electrodes was applied to each subject's face and scalp. Following 9 h time in bed [TIB], the subjects were awakened at 0800 h, and the electrodes were removed so that they could shower and breakfast. sensitivity to greater levels of sleep loss and fatigue than had previously been studied.
The present study clearly demonstrates the sensitivity of the PDA-PVT to the effects of 2 nights of wakefulness. Consistent with the findings of previous studies documenting neurobehavioral deficits during extended periods of wakefulness (Lamond & Dawson, 1999; Linde & Bergstrom, 1992) , response speed and lapses remained at a relatively stable level during the period that coincided with the normal waking day (0-17 h) for both the PDA-PVT and the PVT-192. As hours of wakefulness increased, response speed significantly decreased and lapses significantly increased, with poorest performance on both tasks occurring after 47-49 h of wakefulness (0800-1000 h of Day 3). Importantly, in line with previous findings, standardized response speed scores on the 5-min PDA-PVT closely tracked those of the PVT-192.
Although lapses followed the same general pattern for the two devices, there were statistically significant differences between the tasks. For most of the experimental period, significantly more lapses/minute were associated with the PDA-PVT. This is not particularly surprising given that, as has been noted, there are systematic differences in absolute response speeds between the two devices (approximately 50-100 msec), attributable to mechanical differences. Yet when the data are processed using the standard REACT analysis software program (Ambulatory Monitoring, Ardsley, NY), lapses are defined in the same way (i.e., RTs . 500 msec, an arbitrary criterion that was chosen because it is roughly equal to twice the baseline mean on the PVT-192). The disparity in lapses between cant main effect of hours of wakefulness for both response speed and lapses. A main effect of task was not observed for either parameter, although it approached significance for lapses ( p 5 .063). Similarly, analyses indicated a significant main effect of hours of wakefulness for both parameters for both Day 2 and Night 2 data, in addition to a significant main effect of task for lapses. For data collected on Day 3, a significant main effect of both hours of wakefulness and task was observed for both response speed and lapses. No significant interaction effects were observed for either parameter when the data from each day/night were analyzed separately.
Discussion
The PDA-PVT has several advantages that recommend it for use as an assay of fatigue-related impairment in field settings. The device is small, inexpensive, and easy to use, and the task itself requires minimal aptitude and training. Feedback is optional, several individuals can share one device, the test can be self-administered, and using a 5-min version of the task reduces the impact of testing on an individual's day-to-day activities or, alternatively, increases the number of tests that can be performed within a given period. More important, two recent validation studies have demonstrated that the 5-min PDA-PVT is sensitive to the effects of moderate sleep loss and fatigue (e.g., 28-40 h of wakefulness), producing decrements comparable to those observed with the 10-min PVT-192. Thus, it is not surprising that the PDA-PVT is increasingly being used in field studies. The aim of the present study was to further validate the 5-min version of the palm PVT by assessing its alleled that observed for the 10-min PVT-192 and, thus, no interaction effect was found. Closer inspection of the data indicated that when the level of sleep loss and fatigue became more severe, the 5-min PDA-PVT was less sensitive to the effects of the experimental manipulation than was the 10-min PVT-192. Thus, whereas the 5-min PDA-PVT was associated with more lapses than was the PVT-192 during the initial 48 h of wakefulness, the opposite was observed on the 3rd day of wakefulness (i.e., fewer lapses were associated with the PDA-PVT). Similarly, although PDA-PVT response speed closely tracked PVT-192 response speed initially, during the last day of wakefulness, PDA-PVT response speeds were slightly faster.
The observed differences in performance on the two tasks is not particularly surprising, given that past studies have consistently demonstrated that longer tasks, particularly monotonous ones, are more susceptible to performance lapsing during extended periods of wakefulness (Dinges & Barone Kribbs, 1991) . Indeed, it has been shown that significantly fewer lapses occur when the PVT-192 is shortened to only a 5-min duration (Lamond, Roach, & Dawson, 2002; , and thus, it is highly probable that the differences between the two devices was due solely to the difference in task duration. It is interesting, however, that the differential effect did not occur until the period of wakefulness had become more severe. Moreover, it is also worth noting that although there were differences in sensitivity between the tasks as the period of wakefulness became more severe, the differences were not necessarily functionally significant (i.e., ,0.5 lapse/minute). As a final point, the two devices would effectively be removed if the criteria for lapses were redefined when data from the PDA-PVT are analyzed (e.g., lapses 5 RTs . 550 msec), to account for the systematic differences in response speed between the two devices.
Interestingly, analysis indicated that for both parameters, performance on the two tasks was, at least to some degree, differentially affected over the period of wakefulness. This contrasts somewhat with the findings of previous studies, in which the impairment associated with the 5-min PDA-PVT during moderate sleep loss closely par- it should also be noted that using the same 2-to 10-sec foreperiods for both a 5-and a 10-min task necessarily results in a smaller N for the shorter task, thereby affecting the statistics reported (e.g., F and p values, SEMs, etc.). The default foreperiods for the PDA-PVT used in this study are 1-5 sec, which yields comparable Ns for the two tasks, and comparable results with a similarly configured PVT-192 (Thorne, Johnson, Kautz, & Redmond, 2005) .
The present study supports previous findings and indicates that the 5-min PDA-PVT is sensitive to the effects of sleep loss and fatigue. Although it is clear that the shorter task was not quite as sensitive to performance lapsing as was the 10-min task when 2-to 10-sec foreperiods were used for both, particularly when the levels of sleep loss and fatigue were more severe, this was most likely due solely to difference in task duration. Thus, the data suggest that the 5-min PDA-PVT is a valid alternative to the PVT-192 for assessing fatigue, particularly in situations in which (1) a shorter test is required, due to time restraints or to increase the number of tests that can be performed, (2) a small, convenient device (i.e., easy to transport and carry around) is required, and (3) a large number of devices are needed or multiple individuals need to share one device.
Clearly, as a controlled laboratory study, this validation was conducted using ideal conditions for testing. However, several of our field studies have demonstrated that the PDA-PVT is also suitable for use in the field, when conditions are often less than ideal. To date, we have successfully used this device in several work environments, including international flight operations, long-haul train travel, and mining operations (Baulk et al., 2007; Jay, Dawson, & Lamond, 2005; Lamond et al., 2006; Petrilli et al., 2006) . It is also important to note that although the PDA-PVT may provide an indication of the fatigue levels associated with a roster, it is simply a sustained attention task, not a test of higher cognitive functions. As such, it does not necessarily indicate to what degree operational performance is affected by fatigue. Studies that are more operationally realistic, such as those using data loggers on trains (Dorrian, Hussey, & Dawson, 2007) or realistic simulators (Roach, Dorrian, Fletcher, & Dawson, 2001) , would be better suited to answering questions such as these.
